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Abstract 
A new nano zero-valent iron (nZVI) material that generates acidic conditions in situ was prepared by 
grafting acid precursor onto diatomite. This new material was used in the evaluation of Bisphenol A 
(BPA) degradation by a Fenton-like process. The prepared material (M-nZVI-Da) exhibited a high 
removal efficiency (100%) of BPA under the natural pH conditions of the solution (pH ~ 5.75). The 
degradation of BPA using this new catalyst material follows a reaction pathway modelled on Fermi’s 
equation with predictable kinetic outcomes for increased temperature of reaction. Experiments 
demonstrate that the optimum starting concentration ratio of H2O2/sample is 200 mM/g for efficient 
catalyst use. This study shows that nZVI materials with acid precursor are efficient catalysts for removal 
of BPA in solution. 
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1. Introduction 
Industrialization provides challenges in the treatment of wastewaters which often contain a wide variety 
of persistent, toxic and non-biodegradable organic pollutants. Bisphenol A (BPA) is commonly detected 
in wastewaters due to its wide usage as an intermediate in the production of polycarbonate plastics and 
epoxy resins.1, 2 The US Environment Protection Agency (EPA) reports that releases of BPA to the 
environment exceed 1 million pounds per year in the US.3 Because BPA is a reproductive, 
developmental and systemic toxicant in animal studies and is weakly estrogenic, its potential impact, 
particularly on children’s health and the environment, has attracted great attention in recent years.4-7 
 
Advanced oxidation processes (AOPs) are recognized as an efficient and extensive treatment 
technology for organic contaminant abatement.8-10 Fenton or Fenton-like processes using hydrogen 
peroxide (H2O2) as oxidant precursor is one of the strongest AOPs.11, 12 The hydroxyl radicals (•OH) 
generated via decomposition of H2O2 possess a high standard oxidation potential (E0 = 2.73 V) that is 
much stronger than other conventional oxidizing species such as hydrogen peroxide (E0 = 1.31 V) or 
ozone (E0 = 1.52 V).11 These hydroxyl radicals are able to non-selectively degrade and mineralize most 
organic pollutants in aquatic systems.13 The use of H2O2 also does not require UV or visible light to 
initiate the reaction. This benefit is especially important for wastewater treatment. Fe (II or III) is often 
used as a low cost and effective catalyst to activate H2O2 in conventional Fenton processes.14-16  
 
In recent years, zero-valent iron (ZVI) has been widely applied to the removal of a variety of pollutants 
such as phenol, nitrobenzene and chlorinated compounds.17, 18 ZVI has much stronger redox potential 
than Fe(II) and Fe(III).  Nano-scale ZVI (nZVI) shows a higher activity in reduction reactions 
compared with bulk ZVI, since it has high specific surface area and surface activity.19, 20 However, nZVI 
particles favor strong aggregation due to their strong inter-particle dipole-dipole attraction and a high 
surface area to volume ratio.20, 21 Hence, support materials such as clays, activated carbon, alumina and 
silica have been employed to provide a better distribution of the relevant nZVI.22-25 Diatomite is a natural 
and abundant porous silica that has been widely used as support material for catalysts and adsorbents.26, 
27 As previous studies report, nZVI particles can be loaded onto the surface of diatomite and the resulting 
materials show high activity for redox reactions.25 
 
Many ZVI materials show optimum performance over a narrow pH range (normally pH 3–4) which 
limits their application.21 At high pH values, iron ions precipitate and the decomposition of H2O2 is 
accelerated without radical generation and thus, with significantly reduced system efficiency. To 
overcome this limitation, the pH of a working solution is lowered and maintained at optimum value by 
adding acid during the reaction. We explore in this work, the possibility of developing a material that 
can generate acid in situ during the reaction. This possibility would allow degradation of the organic 
compound at the natural pH of the contaminated solution.  
 
We describe a method to introduce acid precursors onto support materials such as diatomite. Use of 
acid precursors ensures that the loading and activity of nZVI on supporting materials is not influenced 
by the mechanics of reaction to maintain a specific solution pH. The surface of diatomite contains 
activated silanol groups that may accept acid precursor functional groups (e.g. a thiol group) by co-
valent bonding.28 Upon treatment with H2O2, these acid precursor functional groups convert to sulfonic 
acid groups. This conversion is an important oxidation reaction of cellular thiol-containing compounds 
in many biological processes.29-31 Because H2O2 is also a key component of Fenton reactions, this 
precursor treatment will facilitate and simplify the procedure to remove contaminants.  
 
We have prepared an nZVI-diatomite-organosilane composite to evaluate performance on the 
degradation of BPA by a Fenton-like reaction. The effects of key parameters such as temperature, 
concentration of H2O2 and catalyst, and BPA concentration on the degradation rate have been studied. 
A kinetic model based on Fermi’s equation, recently proposed for a clay mineral-based catalyst on 
Orange II degradation,32-34 is extended to this nZVI catalyst for BPA degradation.  
 
2. Materials and methods 
2.1 Chemicals and materials 
Diatomite was provided by Mount Sylvia Diatomite Pty Ltd in Queensland, Australia. 3-
Mercaptopropyl trimethoxysilane (MPTES) (≥ 95%) and bisphenol A (≥ 99%) were purchased from 
Sigma-Aldrich. NaBH4 ≥  98% was purchased from Merck Australia Pty Ltd. H2O2 (30%) and 
FeCl2·4H2O were supplied by Chem-Supply Pty. Ltd., Australia. All chemicals are analytical grade and 
used without further purification. 
 
2.2 Synthesis of nano zero-valent iron materials 
The raw diatomite was acid-leached in a 5 M HCl solution at 80°C for 24 h prior to use. After 24 h, the 
solid product was filtered and washed with deionised water and the resultant acid-leached product 
denoted as ‘Da’. 
 
Synthesis of nZVI/Da composite was undertaken by a procedure similar to that described previously.21 
In this study, 20 g of FeCl2·4H2O was dissolved in a mixture of 95% ethanol (300 ml) and deionised 
water (100 ml) and stirred for 30 min after which 24 g of Da was added; the reactants were stirred 
overnight; the solid product was collected by centrifugation at 3000 rpm for 15 min. Then 1L of 0.7 M 
NaBH4 solution was added dropwise to the centrifuged solid obtained above under constant stirring. 
Through titration, sodium borohydride was introduced to reduce ferrous ion (Fe2+) to ZVI, according to 
the following reaction:35  
2Fe2+	+	BH4- 	+	2H2O	→	2Fe0	+	BO2- 	+	4H+	+	2H2↑   (1) 
After stirring for 2 h, the product was filtered and washed with about 2.5 L of 95% ethanol, and then 
dried in an oven at 50°C overnight. The resultant sample is denoted as ‘nZVI-Da’.  
 
To graft MPTS onto nZVI-Da, 10 g of nZVI-Da was suspended in 100 ml of toluene, then 30 mL of 
MPTS was added and the mixture was stirred at 80°C for 24 hrs. The sample was filtered and washed 
several times using toluene and ethanol. Finally, the sample was dried in an oven at 50°C overnight. 
The final product is denoted as “M-nZVI-Da”. 
 
2.3 Characterization of materials 
Powder X-ray diffraction (XRD) patterns were collected using Ni-filtered CuKα radiation (λ = 0.154 
nm on a PANalytical X’Pert PRO MPD diffractometer which was operated at 40 kV and 40 mA with 
0.5 ° divergence slit and 1.52 mm anti-scatter slit between 3.5° and 75° (2θ) at a step size of 0.0167°. 
X-ray photoelectron spectroscopy (XPS) analyses were carried out on a Thermo Scientific K-Alpha 
spectrometer equipped with Al Kα source (1486.8 eV). The spectra were collected with pass energy of 
30 eV and an analysis area of 400 μm2. The C1s peak at 284.8 eV was used as reference to correct for 
charging effects. Collected XPS data were analysed with a nonlinear least-squares fit routine with 
Gaussian/Lorentzian area band shape. All spectra were performed with Smart background correction. 
A Zeiss Sigma field scanning electron microscope (SEM) with integrated energy dispersive X-ray 
analyser (EDX) system was used for morphological studies. All samples were coated with gold before 
the SEM studies. 
 
2.4 Catalytic activity tests 
BPA remediation experiments were carried out at natural pH (pH ~ 5.75) in a 250 mL glass reactor. 
The reactor was attached to a stand and dipped in a water bath with a temperature controller. Unless 
specifically stated, the reaction temperature was 30°C. In a typical experiment, the reactor was loaded 
with 250 mL of a BPA solution of known concentration. The beginning of the reaction (t = 0) is 
determined to be when the catalyst and H2O2 are added. Samples were withdrawn from the reactor at 
different time intervals and centrifuged. The reaction was stopped by adding excess Na2SO3, which 
instantaneously consumes remaining H2O2. The pH value of the solution was recorded during the 
reaction process. The concentration of the supernatant was quantitatively analysed using an Agilent 
HP1100 HPLC equipped with a Luna 5µ C18 column and a UV absorbance detector. A mobile phase 
of methanol-water (70:30) at a flow rate of 1 mL/min and 40 µL of injection volume was used for this 
experiment and the analysis wavelength was 278 nm, and the detection limit of BPA in this study is 
about 0.01 mg/L. The total organic carbon (TOC) was measured by using Shimadzu TOC-V Total 
Organic Carbon Analyser. Iron leaching from the support was determined by inductively coupled 
plasma optical emission spectrometer (ICP-OES, Perkin Elmer Optima 8300 DV). 
 
Table 1 summarizes the conditions for all experiments performed. Several runs were conducted by 
varying the temperature (20-60°C), the initial concentration of H2O2 (20-80 mM), BPA (25-80 mg/L) 
and catalyst (0.1-0.4 g/L). 
 
3. Results and discussion 
3.1 Physicochemical properties of the materials 
The XRD pattern for Da (Fig. 1) shows a characteristic broad reflection centred at 2θ ~ 22° in good 
agreement with the reference material amorphous Opal-A.28 Cristobalite and quartz impurities are also 
observed in the Da sample (Fig. 1), and the content of impurities is semi-quantitatively determined at 
less than 10 weight %. After nZVI loading on Da, no evident difference in the 22° reflection was 
observed, indicating that the framework structure of diatomaceous silica is well maintained. The XRD 
pattern of M-nZVI-Da is comparable to that of nZVI-Da. Typical XRD reflections for iron cannot be 
observed in patterns of nZVI-Da and M-nZVI-Da. However, several weak reflections at 2θ ~ 11.8°, 
16.8°, 35.2° and 56° are observed in the patterns of nZVI-Da and M-nZVI-Da. These reflections are 
attributed to akaganeite, an iron oxide. The formation of akaganetite may be caused by oxidation on the 
surface of nZVI particles, since previous studies indicate that the nZVI particles may possess ‘core-
shell’ structure including Fe0 (core) and iron oxide (shell).36 The absence of Fe0 reflections on XRD 
patterns may be due to the low loading amount and absence of crystallinity of iron.25  
 
As indicated by the SEM image in Fig. 2a, the dominant diatom, classified in the genus Melosira 
granulate (Ehr.) Ralfs, is cylinder-shaped and shows a well-developed macroporous structure. Few 
impurities are observed on the surface and within the pores of Da (Fig. 2a). After nZVI particles are 
loaded on the surface of diatomite, the porous structure of nZVI-Da remains clearly visible (Fig. 2b). 
The size of the nZVI particles on nZVI-Da is in the range of 48–137 nm, with an average diameter of 
88.3 nm. The morphology of M-nZVI-Da is similar to that of nZVI-Da (Fig. 2c), with an average 
diameter of the nZVI particles of 86.5 nm. The average nZVI particle sizes on both types of substrates 
are comparable (88.3nm vs 86.5nm).  This outcome suggests that organic silane grafting does not 
affect the nZVI particle size nor the porous structure of diatomite. 
 An XPS study was undertaken to evaluate any chemical changes on the surface of diatomite after nZVI 
particle loading and after silane grafting. For nZVI-Da in the Fe2p region (Fig. 3a), three characteristic 
peaks are observed which correspond to binding energies of Fe2p1/2 (724.9 eV) and Fe2p3/2 (711.5 eV) 
and are identified as oxidized iron [Fe(III)].20, 37, 38 This result is consistent with XRD analysis. The peak 
at 706.5 eV corresponds to binding energy Fe2p3/2 for Fe0,20, 37 indicating the presence of zero-valent 
iron on the surface of nZVI-Da. This observation, combined with XRD results, confirms the ‘core-shell’ 
structure of nZVI particles on nZVI-Da.37, 38 In the case of M-nZVI-Da, the peak for Fe0 (~707 eV) 
disappears, and only two peaks are identified at 724.9 and 711.5 eV. These two peaks are ascribed to 
oxidized Fe(III). This latter finding suggests that the thickness of the iron oxide shell on the surface of 
nZVI particles might increase during the silane grafting process.  
 
Only one peak is observed in high-resolution XPS spectra of the O1s for the Da sample. This peak is at 
532.8 eV (Fig 3b) and is consistent with the binding energy of oxygen on the surface of diatomite (i.e. 
Si-O-H).28 However, the O1s spectrum of nZVI-Da shows two components, one of which is the peak 
associated with SiO2 at 532.4 eV; the other peak at 531.1 eV is consistent with the binding energy of 
iron oxide (Fig. 3b).38 The broad peak at ~536 eV is the sodium Auger peak (Na KLL), indicating that 
some sodium ions are not removed during the final processing steps. The O1s spectrum of M-nZVI-Da 
also shows two peaks (Fig. 3b) corresponding to binding energies of O1s in SiO2 (532.7 eV) and iron 
oxide (530.7 eV), respectively. For M-nZVI-Da, the peak intensity at ~531 eV is reduced (Fig. 3b) 
compared to the spectrum of nZVI-Da and may be due to silane grafting on the particle surfaces.  
 
In the S2p region of XPS spectra, only one peak is observed for M-nZVI-Da. This peak can be resolved 
into two binding energies of S2p1/2 (164.5 eV) and S2p3/2 (163.5 eV) (Fig. 3c) which refer to the thiol 
(R-SH) group. These XPS data indicate that the loading of MPTES onto M-nZVI-Da is successful. The 
Si2p spectrum of M-nZVI-Da could also be resolved into two components (Fig. 3d). The peak centred 
at 103.5 eV is ascribed to the oxidized silicon (SiO2) in diatomite, which could also be observed in the 
Si2p spectrum of nZVI-Da (Fig 3d).The other peak centred at 102.8 eV corresponds to the organic Si 
of MPTES,28 which provides further confirmation that MPTES is successfully grafted onto the surface 
of diatomite.  
 
Fig. 1 X-ray diffraction patterns of samples. 
 
 Fig. 2 SEM images of the Da (a), nZVI-Da (b), and M-nZVI-Da (c). 
 
 Fig. 3 Fe2p (a), O1s (b), S2p (c), and Si2p (d) XPS spectra of samples. 
 
3.2 Catalytic activity 
To investigate the catalytic activities of these samples, control experiments on catalyst adsorption and 
H2O2 self-degradation were initiated. When H2O2 only is added to the BPA solution, less than 8% BPA 
is degraded, revealing that H2O2 cannot be effectively activated at ambient temperature without a 
catalyst. For catalytic reactions, nZVI-Da is added with H2O2 into a BPA solution. However, 
degradation of BPA did not increase because about 7% BPA is degraded within 24 h; a result similar to 
using H2O2 only (Fig. 4). In previous studies,21, 39 Fenton and Fenton-like processes are optimally 
performed at acidic pH (pH ~ 3). The natural pH of BPA in solution in this study is 5.75. After addition 
of nZVI-Da, the pH of solution increased to ~8.5. The high pH value of solution is a significant barrier 
for this type of catalytic reaction. The adsorption of BPA on M-nZVI-Da is extremely low (Fig. 4), 
indicating that the surface of M-nZVI-Da does not contain adsorption sites for BPA. 
However, M-nZVI-Da showed a much higher catalytic efficiency for the Fenton-like degradation of 
BPA under different operating conditions at the natural pH of the solution (Table 1). In the following 
sections, the effects of each parameter on the BPA concentration and solution pH histories are analysed 
under constant operating conditions (Table 1). 
 
 
Fig. 4 BPA removal in various conditions. Reaction condition: CBPA = 50 mg/L, CH2O2= 20 mM, Csample 
= 0.2 g/L, temperature: 20°C. 
 
Table 1 Conditions employed in the runs performed and kinetic parameters obtained after regression 
using Eq. (11)  
T (°C) CH2O2 (mM) CBPA (mg/L)
* CCat (g/L) k (h-1) t* (h) R2 
20 20 50 0.2 1.82 13.25 0.9968
30 20 50 0.2 2.56 10.74 0.9937 
40 20 50 0.2 4.01 6.46 0.9861 
60 20 50 0.2 11.6 0.83 0.9821 
     Ea = 40 kJ/mol 0.9889 
       
30 20 50 0.2 2.56 10.74 0.9937 
30 40 50 0.2 3.23 6.53 0.9976 
30 80 50 0.2 2.12 5.73 0.9988 
       
30 20 25 0.2 2.97 9.74 0.9958 
30 20 50 0.2 2.56 10.74 0.9937
30 20 90 0.2 2.03 13.22 0.9952 
       
30 20 50 0.1 2.66 6.04 0.9952 
30 20 50 0.2 2.56 10.74 0.9937 
30 20 50 0.4 3.25 10.40 0.9910 
*The initial natural pHs of BPA solutions in the present study are about 5.75, without further adjusting. 
 
3.2.1 Effect of temperature 
BPA degradation and solution pH changes were obtained at four different temperatures as shown in Fig. 
5. The data in Figure 5 show that both BPA degradation and solution pH changes occur in stages. In 
Stage 1, the pH value of solution slowly decreases to ~4.75, while the concentration of BPA slowly 
decreases by less than 10%. In Stage 2, the pH value rapidly decreases to ～3.6，and at the same time, 
the rate of degradation of BPA increases rapidly. At this end-point, the degradation of BPA is complete 
and the solution pH value is almost constant (Fig 5).  These results show that degradation of BPA is 
strongly dependent on the pH value of the solution.  
 
With an increase in temperature of the solution, the rate of degradation of BPA and the corresponding 
decrease of solution pH is accelerated as shown in Fig. 5. This behaviour is consistent with Arrhenius’ 
law for reaction kinetics. The final BPA concentrations in solution achieved zero value (within detection 
limits) within 12 h at 30°C; within 7 h at 40°C and within 2 h at 60°C. Reaction rates are significantly 
accelerated in Stage 1 by increasing the temperature of reaction. This result suggests that the speed of 
BPA degradation is influenced predominantly by the reaction in Stage 1.  
 
The primary reaction in Stage 1 is the process of generating an acid in situ within the solution due to 
reaction between the thiol group of the organic silane and H2O2. The reaction sequence can be expressed 
as: 
R-SH	+	H2O2	→	R-SOH	+	H2O                 (2) 
R-SOH + H2O2 → R-SO2H + H2O               (3)  
R-SO2H + H2O2 → R-SO3H + H2O               (4) 
With decreasing pH value, the responsiveness of the Fenton-like reaction increases. In Stage 2, BPA is 
degraded by the Fenton-like reaction. The sharp decrease of pH value in Stage 2 contributes to the high 
reactivity of the Fenton-like reaction. 
  
Fig. 5 Effect of temperature on (a) the BPA degradation and (b) the pH value of solution for conditions: 
CH2O2=	20 mM,	 CBPA = 50 mg/L, Ccat = 0.2 g/L (see Table 1). 
 
3.2.2 Effect of initial H2O2 concentration 
As shown in Figure 6, the concentration of H2O2 is varied between 20 and 80 mM. In this case, the 
solution pH at t = 0 is more acidic with increase in the concentration of H2O2 as shown in Fig. 6b. In 
addition, the BPA concentration is reduced over time as shown in Fig. 6a in a manner similar to the 
dependence on solution temperature. The change of pH value and degradation of BPA evidently 
accelerates when the concentration of H2O2 is increased from 20 to 40 mM. However, the reaction rates 
at 80 mM H2O2 concentration are marginally better than that for a 40 mM H2O2 concentration. After 8 
h of oxidation, final BPA concentrations are zero (within analytical error) for H2O2 concentrations at 
40 and 80 mM. However, for the 20 mM H2O2 concentration, 12 h is required for the complete removal 
of BPA (Fig. 6a).  
 
The removal of total organic carbon (TOC) also accelerated with increased H2O2 concentration (Fig. 
7a) as observed for BPA degradation. Nevertheless, the rate of TOC degradation is slower than that of 
BPA degradation. A proportion of initial TOC remains in solution at the end of the experiment, 
corresponding to 31% and 15% of the initial TOC content for 20 and 40 mM H2O2 concentrations, 
respectively (Fig. 7a). The TOC contents increased by about 6% when the reaction times are 10 h and 
5 h for 20 and 40 mM H2O2 concentrations, respectively. This minor increase in TOC content is caused 
by the decomposition of organic silane from the surface of M-nZVI-Da. This finding suggests that the 
sulfonic acid group (R-SO3H) produced in Stage 1 of this degradation reaction may be released into 
solution. We suggest that the bond between the methylene group and sulfonic acid group (-CH2-SO3H) 
on the organic silane is broken in the degradation reaction. Subsequently, the –SO3H group converts to 
H2SO4, which will result in a sharp decrease of pH value in Stage 2 of this Fenton-like reaction.   
 
As the pH value decreases, iron leaching is also observed at the beginning of Stage 2 (Fig. 7b), with the 
iron concentration in solution sharply increased until the nZVI particles are completely utilised. SEM 
images of used M-nZVI-Da (not shown) reveal that nZVI particles are not observed and suggest that 
nZVI particles are completely released into solution during the reaction. With iron leaching, the Fe(II) 
content increases according to Eq.(5), and then hydroxyl radicals (•OH) are produced because of the 
reaction between Fe(II)/Fe(III) and H2O2 (Eq. 6 and 7).40 These oxidation/reduction mechanisms are 
key factors in the degradation of BPA in Stage 2 and are shown below.  
Fe0 +2 Fe (III) → 3Fe(II)   (5) 
Fe(II) +H2O2 → Fe(III) + •OH + OH-    (6) 
Fe(III) + H2O2 → Fe(II) + •OOH + H+     (7) 
When the H2O2 concentration is at 80 mM, a small enhancement of reaction rate can be explained by a 
high concentration of H2O2. In this case, most produced •OH radicals are scavenged quickly (Eq. (8)) 
by the surrounding H2O2 without reacting with BPA molecules in solution.14 
 •OH + H2O2 → HO2• + H2O     (8) 
 
 
Fig. 6 Effect of the initial hydrogen peroxide concentration on (a) BPA degradation and (b) the pH 
value of solution for reaction conditions: T = 30°C, CBPA = 50 mg/L, Ccat = 0.2 g/L. 
 
 Fig. 7 Effect of initial hydrogen peroxide concentration on (a) TOC removal and (b)  iron leaching for 
reaction conditions T = 30°C, CBPA = 50 mg/L, Ccat = 0.2 g/L. 
 
3.2.3 Effect of initial BPA concentration 
The initial pollutant concentration is of great importance in any wastewater treatment process as it often 
defines the efficacy of reaction, potential scale-up parameters and ultimate value to a community. Using 
the data shown in Figure 8, the normalized BPA concentration influences reaction time for BPA 
degradation as anticipated for a typical two stage reaction with competing parameters.  For a higher 
initial concentration of BPA, a longer time is required for it to degrade completely for a given suite of 
reaction conditions (Fig. 8). At higher BPA concentrations, there is an inhibiting influence on these 
competing reactions. For example, at low BPA concentrations, the molar ratio of produced •OH to 
parent organic contaminant is higher than when the BPA concentration is high. This molar ratio is 
higher for low BPA concentrations because the initial amounts of hydrogen peroxide molecules and of 
catalyst in the reactor are the same. This same inhibiting effect of the initial concentration of the organic 
contaminant on the Fenton and Fenton-like reaction performance has been observed in several previous 
studies.20, 34 
 
 Fig. 8 Effect of the initial BPA concentration on (a) BPA degradation and (b) the pH value of solution 
for the conditions T = 30°C, CH2O2= 20 mM, Ccat = 0.2 g/L. 
 
3.2.4 Effect of catalyst  
The influence of catalyst mass per unit volume on BPA removal was also investigated. The degradation 
rate for BPA accelerated when the addition of catalyst sample increased from 0.2 g/L to 0.4 g/L. This 
addition also decreased the solution pH values as shown in Fig. 9. However, for a lower amount of 
catalyst (0.1 g/L), the degradation of BPA significantly accelerated, and the rate of change of solution 
pH is more rapid than with higher amounts of catalyst (Fig. 9). As noted earlier, solution pH is the key 
to an effective degradation reaction. As shown by this data, the capacity to generate acid in-situ is 
strongly influenced by the amount of catalyst.  
 
The lower amount of catalyst sample suggests that there is a higher ratio at the start of reaction for H2O2 
and R-SH. From previous studies, cystine (R-S-S-R) forms during the reactions between thiol and 
hydrogen peroxide (Eqs. 2 and 9).30, 31 A lower starting concentration ratio of H2O2/R-SH results in a 
higher proportion of R-S-S-R in comparison to the reaction stoichiometry.31 This increase in R-S-S-R 
resulted in a decreased rate of acid generation. Therefore, from this perspective, a larger amount of 
catalyst sample is not necessarily an advantage for generating acid in-situ.  
R-SH+R-SOH →R-S-S-R+H2O     (9) 
 
If the initial concentration ratio of H2O2/R-SH is high, the overall reaction would result in production 
of sulfinic acid and sulfonic acid.31 A lower amount of M-nZVI-Da results in a higher ratio of H2O2/R-
SH which promotes acid production and accelerates the degradation reaction of BPA. However, an 
extremely low amount of sample (≤ 0.05 g/L) is also not suitable for degradation of BPA (data not 
shown) because insufficient acid is generated to decrease the solution pH. Therefore, the starting ratio 
of H2O2/sample is an important factor for the degradation process. Based on this work, an optimum 
starting ratio for H2O2/sample is 200 mM/g. 
 
 Fig. 9 Effect of catalyst amount on (a) BPA degradation and (b) pH value of solution for the reaction 
conditions: T = 30°C, CH2O2= 20 mM, CBPA = 50 mg/L. 
 
3.4 Kinetic model 
Recently, a new kinetic model (Eq. (10)) was developed by Herney-Ramirez et al.,32 based on Fermi’s 
function, which is a mirror image of the function: 
஼
஼బ ൌ
ଵ
ଵା௘௫௣ሾ௞ሺ௧ି௧∗ሻሿ       (10) 
where k represents the apparent rate constant, and t* is the so-called transition time, related to the 
inflection point of the contaminant concentration curve, at 50% removal.41 This model was first used to 
describe the effect of reaction conditions for treatment of Orange II by the heterogeneous Fenton 
reaction using Fe(II) pillared saponite.32 Subsequently, this model has been used to investigate other 
Orange II degradation reactions catalysed by other materials, such as zeolite.33, 34 The model aims to 
simultaneously describe the initial slow degradation and subsequent rapid decay of a pollutant 
commonly observed for oxidation reactions using an Fe-based catalyst and H2O2.32 In previous studies, 
the observed induction period has been attributed to the time required for activation of the surface iron 
species,33, 42 or, alternatively, the time required for dissolution of sufficient iron to promote the 
homogeneous Fenton reaction.43 This new model provides a better account of the transient period for 
this type of reaction phenomena (inverse S-shape profile) and for the non-linear behaviour during the 
induction period, than the commonly used two-step pseudo-first-order model.32-34 
 
This new model based on Fermi’s function is used to analyse the degradation of BPA under different 
operating conditions as shown in Table 1. The coefficient of determination, R2, for each of these 
operating conditions (Table 1) indicates good agreement between the model and experimental data. The 
kinetic constant (k) increases with temperature, closely following Arrhenius behaviour (Fig. 10a), 
resulting in an activation energy of 40 kJ/mol (Table 1). The transition time (t*) required to achieve 50% 
of BPA degradation, dramatically decreases with increase in temperature of reaction (Table 1). These 
data show that a linear correlation provides a useful estimate of t* at any temperature (Fig. 10b). 
 
To evaluate the effect of H2O2 on the degradation process, the kinetic constants (k = 2.56, 3.23, and 
2.12 h-1) and transition times (t* = 10.74, 6.53, and 5.73 h) are obtained for three different initial H2O2 
concentrations (Table 1). The high initial H2O2 concentration at 80 mM induced the lowest transition 
time but with low kinetic constants. These parameters indicate that a higher H2O2 concentration shortens 
the transition time but does not accelerate BPA degradation (Stage 2) since the •OH radicals are rapidly 
scavenged by the surrounding H2O2 at high concentration. In contrast, the kinetic constant and transition 
time gently decrease when the initial BPA concentration increases (Table 1). For an increase in the 
amount of catalyst, the kinetic constant increases, but the transition time is shorter when a lower amount 
of catalyst is employed (Table 1) because the acid generation rate is influenced by the starting ratio of 
H2O2/R-SH. This investigation of reaction kinetics allows determination of the optimum concentration 
ratio of H2O2/sample at 200 mM/g. Although these kinetic constants depend significantly on reaction 
conditions, complete removal of BPA occurs within 24 h in all cases. This outcome shows that M-
nZVI-Da is an efficient catalyst for BPA removal at the natural pH of solutions via a Fenton-like 
reaction. 
 
 
Fig. 10 Arrhenius plot for (a) the apparent rate constant of the model and (b) effect of temperature on 
the transition time. 
 
4. Conclusions 
Diatomite was used as support for nano zero-valent iron (nZVI) particles onto which are then grafted 
organic silanes containing thiol groups. The resulting material (M-nZVI-Da) was employed as a catalyst 
in the BPA degradation via a Fenton-like reaction under natural pH conditions of the BPA solution. The 
degradation of BPA in solution using M-nZVI-Da was companied by changes to solution pH, which 
can be divided into two stages. The first stage is an induction period, in which thiol groups react with 
H2O2 generating acid and the solution pH gently decreases to ~4.7. In the second stage, the BPA is 
completely degraded and the pH value sharply decreases to ~3.5 with simultaneous leaching of iron 
into solution. The oxidation rate of this reaction is accelerated when the temperature is increased from 
20 to 60 ºC. The initial concentration of H2O2 also plays an important role in the reaction rate and for 
TOC removal. Our investigation of the kinetics of reaction indicates that the optimum concentration 
ratio of H2O2/sample is 200 mM/g.  A kinetic model based on Fermi’s equation successfully describes 
the S-shaped transient conversion histories of BPA using this M-nZVI-Da catalyst. M-nZVI-Da exhibits 
a high removal efficiency of BPA under natural pH conditions (pH 5.75) and provides a more effective 
removal mechanism than reactions using nZVI materials without an acid precursor.  
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